Introduction {#s1}
============

Research using neuroimaging techniques (e.g., Grèzes and Decety, [@B20]; Filimon et al., [@B16]; Munzert et al., [@B32]) has indicated that several cortical areas shown to be active during movement execution are also active during the action observation and imagery of movement. These areas include the dorsal pre-motor cortex, primary motor cortex, supplementary motor area, superior parietal lobe, intraparietal sulcus, and cerebellum. Therefore, when physical movement is not possible, as in the case of stroke or other brain injury, action observation and imagery may provide useful techniques for maintaining activity in motor regions of the brain, and so assist in the recovery of motor functioning (Sharma et al., [@B47]; de Vries and Mulder, [@B9]; Ertelt et al., [@B11]; Holmes and Ewan, [@B23]; Mulder, [@B31]). As such, considerable research attention has been devoted to understanding the effects of action observation and imagery on the human motor system and establishing techniques for best utilizing action observation and imagery in rehabilitation settings.

One method that has been used to investigate the effects of action observation and imagery independently on the human motor system is transcranial magnetic stimulation (TMS). When TMS is applied to the primary motor cortex, motor evoked potentials (MEPs) are produced in the corresponding muscles; the amplitude of which provides a marker of corticospinal excitability at the time of simulation (Rothwell, [@B45]; Petersen et al., [@B38]; Naish et al., [@B33]). Research into action observation indicates that single-pulse TMS delivered to participants' motor cortex during observation of human movements produces MEPs of larger amplitude than those obtained under control conditions (e.g., Fadiga et al., [@B15]; Strafella and Paus, [@B49]; Patuzzo et al., [@B37]; Borroni et al., [@B5]; Aglioti et al., [@B1]; Loporto et al., [@B28]). This indicates that passive observation (PO) of hand and arm movements can facilitate corticospinal excitability. A similar effect also occurs during imagery of human movements, where the amplitude of MEPs obtained during imagery are larger than those obtained under control conditions (e.g., Kasai et al., [@B24]; Fadiga et al., [@B13]; Hashimoto and Rothwell, [@B21]; Rossini et al., [@B44]; Facchini et al., [@B12]). Stinear et al. ([@B48]), however, have reported that this effect is only present when participants engage in kinesthetic imagery, but not visual imagery.

As both action observation and imagery have been shown to facilitate corticospinal excitability, albeit through partially different neural mechanisms, several researchers have compared the facilitation effects of action observation and imagery in an attempt to establish which may be the more effective technique. For example, Clark et al. ([@B8]) used TMS to stimulate the motor cortex representation for the right hand muscles during observation, imagery, and physical imitation of simple hand movements. In comparison to a resting control condition, both action observation and imagery produced a corticospinal facilitation effect, but there was no difference in the extent of the facilitation between the two experimental conditions. This effect has since been replicated consistently in the literature (e.g., Léonard and Tremblay, [@B26]; Roosink and Zijdewind, [@B42]; Williams et al., [@B53]), indicating that action observation and imagery facilitate corticospinal excitability to a similar extent.

Action observation and imagery have, therefore, traditionally been viewed as separate intervention techniques. Researchers have either studied the effects of action observation or imagery in isolation, or compared the effects of the two techniques against each other. More recently, it has been proposed that action observation and imagery should be viewed as complementary, rather than competing, interventions (Holmes and Calmels, [@B22]). Indeed, Vogt et al. ([@B52]) have suggested that it is possible for humans to observe a movement whilst concurrently imagining that they are performing that same movement; a process they term "congruent action observation-motor imagery". Given that both action observation and imagery activate the motor system when performed in isolation, it is logical to assume that combining the two techniques may activate the motor system to a greater extent. Recent fMRI and EEG research would support this assertion (e.g., Macuga and Frey, [@B30]; Nedelko et al., [@B34]; Berends et al., [@B4]; Villiger et al., [@B51], for a review see Vogt et al., [@B52]). Collectively, this body of research has revealed that, compared to PO, concurrent action observation and imagery of a variety of congruent movement tasks produces stronger activation in several movement-related brain regions.

Single-pulse TMS has also been used to explore the effects of combined action observation and imagery on corticospinal excitability. For example, Sakamoto et al. ([@B46]) stimulated the left motor cortex representation for the biceps brachii muscle whilst participants: (i) observed passively a bicep curl action; (ii) imagined performing a bicep curl action; or (iii) observed a bicep curl action whilst simultaneously imagining that they were performing that same action. The amplitude of MEP responses in these three conditions were compared to those obtained from a control condition, involving passive observation of a fixation cross. Both imagery alone and the combined action observation and imagery conditions produced larger amplitude MEPs than the control condition, in contrast to the PO condition. Importantly, the authors also reported that the combined action observation and imagery condition produced larger amplitude MEPs than either action observation or imagery conditions alone. Similar findings have also been reported by Ohno et al. ([@B35]) and Tsukazaki et al. ([@B50]) for combined observation and imagery of chopstick use and three-ball juggling in novices, respectively. Based on these findings, the authors suggested that combining action observation and imagery into a single intervention strategy may be more effective for aiding recovery of motor function in patients than either action observation or imagery alone. This argument is supported by the recent behavioral evidence provided by Eaves et al. ([@B10]), which indicates that engaging in combined observation and imagery can facilitate subsequent motor execution.

Although all three combined action observation and imagery experiments that have been published to date using TMS have demonstrated that combined action observation and imagery produces larger amplitude MEPs than either action observation or imagery alone (e.g., Sakamoto et al., [@B46]; Ohno et al., [@B35]; Tsukazaki et al., [@B50]), the experiments were limited by a number of methodological factors. First, these experiments all used observation of a fixation cross or a blank screen as the control condition against which to compare MEP amplitudes obtained in the action observation and imagery conditions. Use of such a control condition is problematic in that it makes the interpretation of the corticospinal facilitation effect difficult (Loporto et al., [@B29]). Loporto et al. ([@B29]) argued that by using a fixation cross or blank screen as the only control condition in TMS action observation and imagery experiments, researchers are unable to attribute accurately any facilitation effect to the specific observation and/or imagery task. For example, any facilitation effect found for action observation in comparison to a fixation cross or blank screen control, may be due to the presence of movement in the experimental condition rather than the specific observation of task-related human movement. Equally, facilitation effects obtained during imagery, in comparison to a fixation cross or blank screen control, may be due to participants engaging in any form of cognitive activity, rather than specific imagery of human movement. Taken together, it is important to conduct similar experiments for combined action observation and imagery whilst employing more rigorous control conditions, in order to ascribe accurately this effect to the experimental manipulation.

Further, in the reported combined action observation and imagery TMS studies (i.e., Sakamoto et al., [@B46]; Ohno et al., [@B35]; Tsukazaki et al., [@B50]) the ordering of trials was randomized by experimental condition across the experiment. Although such a randomization procedure is common in typical TMS action observation and imagery research, we argue that to do so in a combined action observation and imagery experiment is problematic. The video stimulus provided to participants is, typically, identical in the PO and combined action observation and imagery conditions. The only difference between the two conditions is the instructional content that accompanies the video (i.e., "Observe the video" or "Imagine yourself performing the action as you observe it"). By randomizing the trials for each condition throughout the experiment, researchers are unable to ensure that the effects of the instructions given for one condition do not influence participants' behavior on other conditions. Specifically, once participants have been told to imagine themselves performing the action as they observe it, it is difficult to be certain that they are not engaging in the more covert behavior when taking part in subsequent PO trials. The instructional content that accompanies action observation videos has been shown to modulate corticospinal excitability (Roosink and Zijdewind, [@B42]) and, as such, this may have confounded the results of these three studies (Naish et al., [@B33]). Presenting the trials as blocks, in a set order so that the combined action observation and imagery trials occur after PO trials can control for this issue.

It is common in TMS action observation and imagery research to record MEPs from a control muscle not involved in the execution of the observed/imagined action. The inclusion of a control muscle provides greater efficacy for facilitation effects being specific to the muscles involved in the execution of the observed/imagined action (e.g., Fadiga et al., [@B15], [@B13]). None of the three combined action observation and imagery experiments published to date that have used TMS have included a control muscle against which to compare facilitation effects for the primary muscle of interest. As such, it is currently unknown whether such a muscle-specific facilitation effect would occur in a combined action observation and imagery condition.

The aims of this study were, therefore, to: (i) determine whether combined action observation and imagery of human movement would facilitate corticospinal excitability to a greater extent than either PO or imagery alone; and (ii) establish whether any corticospinal facilitation effect obtained during combined action observation and imagery of human movement was specific to those muscles involved in the performance of the observed/imagined movement. It was hypothesized that: (i) PO alone, imagery alone and combined action observation and imagery would all produce a corticospinal facilitation effect; (ii) combined action observation and imagery would produce a greater corticospinal facilitation effect than either PO alone or imagery alone; and (iii) such corticospinal facilitation effects would only be present in the muscles involved in the observed and/or imagined action.

Materials and method {#s2}
====================

Participants {#s2-1}
------------

Nineteen healthy volunteers (nine females) aged 18--45 years (mean age 26.8 years) participated in the experiment. All participants gave their written informed consent to take part and were naïve to the purpose of the experiment. The TMS Adult Safety Screen (Keel et al., [@B25]) was used to identify any participants who may have been predisposed to possible adverse effects of the stimulation. No participants were excluded from the study based on their questionnaire responses and no discomfort or adverse effects to the stimulation were reported. All participants were right-handed as assessed by the Edinburgh Handedness Inventory (Oldfield, [@B36]). The protocol for the experiment was approved by the local university ethics committee and the experiment was conducted in accordance with the Declaration of Helsinki ([@B54]).

Questionnaire measure {#s2-2}
---------------------

Prior to participating in the experiment, participants completed the Vividness of Movement Imagery Questionnaire---2 (VMIQ-2; Roberts et al., [@B41]) to provide a marker of their imagery vividness. This 36-item questionnaire requires participants to imagine themselves performing different movements from internal, external, and kinesthetic perspectives. Participants rate the clarity of the images that they generate on a five-point Likert scale, with responses ranging from 1 (*perfectly clear and vivid image*) to 5 (*no image at all*). Lower scores on the VMIQ-2 therefore indicate that participants can generate clear and vivid images. Roberts et al. ([@B41]) reported all three scales to be reliable, observing alpha coefficients of 0.95, 0.95 and 0.93 for the external, internal and kinesthetic scales, respectively.

Electromyographic recordings {#s2-3}
----------------------------

Electromyographic (EMG) recordings were collected from the first dorsal interosseous (FDI) and abductor digiti minimi (ADM) muscles of the right hand using bipolar, single differential, surface EMG electrodes (DE-2.1, Delsys Inc, Boston, MA). The electrodes comprised two 10 mm × 1 mm silver bar strips, spaced 10 mm apart. The EMG was recorded with a sampling rate of 2 kHz, bandwidth 20 Hz to 450 kHz, 92 dB common mode rejection ratio, and \>10^15^ Ω input impedance. All electrode sites were cleaned with alcohol swabs prior to electrode attachment. The electrodes were placed over the mid-point of the belly of the muscles and a reference electrode was placed over the ulnar process of the right wrist. The EMG signal was recorded using Spike 2 version 6 software (Cambridge Electronic Design (CED), Cambridge), received by a Micro 1401+ analog-digital converter (CED).

Transcranial magnetic stimulation {#s2-4}
---------------------------------

TMS was performed with a figure-of-eight coil (mean diameter of 70 mm) connected to a Magstim 200^2^ magnetic stimulator (Magstim Co., Whitland, Dyfed, UK) which delivered monophasic pulses with a maximum field strength of 2.2 Tesla. The coil was held in a fixed position, using a mechanical arm, over the left motor cortex. The coil was orientated so that the flow of induced current in the brain traveled in a posterior-anterior direction, perpendicular to the central sulcus; the optimal orientation for achieving indirect trans-synaptic activation (Brasil-Neto et al., [@B6]). The optimal scalp position (OSP) was identified as the scalp site which produced MEPs of the largest amplitude from the right FDI muscle, whilst also eliciting consistent MEPs from the ADM muscle, using a stimulation intensity of 60% maximum stimulator output. The process of stimulating the OSP for the primary muscle of interest and recording MEPs from more than one muscle is common in TMS action observation and imagery research (Naish et al., [@B33]). The use of 60% maximum stimulator output as the intensity for locating the OSP is also common in research of this nature (e.g., Clark et al., [@B8]; Loporto et al., [@B28]; Williams et al., [@B53]) and is appropriate as it produces large, short-latency MEPs in most individuals. Participants wore a tightly-fitting polyester cap on their head on which the OSP was marked to ensure a constant coil positioning throughout the experiment. The stimulation intensity was then reduced or increased until the resting motor threshold (RMT) was determined. RMT was determined using the MEP amplitudes obtained from the FDI muscle and was defined as the minimum stimulation intensity that elicited peak-to-peak MEP amplitudes greater than 50 μv in at least 5 out of 10 trials (Rossini et al., [@B43]). As Loporto et al. ([@B27]) demonstrated that facilitation of corticospinal excitability during action observation was only evident following low-intensity TMS, the experiment was conducted at a stimulation intensity of 110% RMT, thereby reducing the chance of direct wave stimulation more frequently seen at higher stimulation intensities.

Experimental procedures {#s2-5}
-----------------------

Participants were seated in a dimly illuminated room in a comfortable chair with their elbows flexed at 90° and their hands placed in a relaxed position on a table in front of them. The participants' head rested on a chin and head rest to restrict movement. A 37 inch Panasonic LCD television screen (resolution, 1024 × 768 pixels; refresh frequency, 60 Hz) was positioned at a distance of 40 inches from the participant. Participants were requested to refrain from any voluntary movement and to attend to the stimuli presented on the television screen. Blackout curtains ran along either side of the table and behind the screen to eliminate any distractive visual stimuli in the room.

Participants took part in six different conditions (three experimental and three control conditions). The three experimental conditions were termed PO, Movement Imagery (MI), and Combined Action Observation and Movement Imagery (AO+MI). The PO condition showed the dorsal view of a hand in prone position performing six abductions of the index finger at a frequency of 1.33 Hz and participants were instructed to watch the videos. In the MI condition, participants were presented with a blank screen and were instructed to imagine that they were performing index finger abduction movements in time with an auditory metronome at a frequency of 1.33 Hz. In this condition participants were instructed to focus specifically on kinesthetic imagery (i.e., imagining the physiological sensations associated with executing the index finger abduction movement), as this type of imagery has been shown to modulate corticospinal excitability to a greater extent than visual imagery alone (Stinear et al., [@B48]). In the AO+MI condition, participants observed identical videos to those used in the PO condition, but were instructed to imagine that they were performing the movement as they observed it. As in the MI condition, participants were again instructed to use kinesthetic imagery. In the PO and AO+MI conditions, participants observed the movement being performed by both male and female hands, irrespective of their own sex. The three control conditions were termed Static Hand (SH), Movement Observation (MO), and Backwards Counting (BC). In the SH condition participants were shown the dorsal view of a hand resting in a prone position and instructed to watch the video. In the MO condition participants were instructed to watch a video of pendulum swinging at 1.33 Hz, mimicking the motion of the index finger in the PO and AO+MI conditions. In the BC condition participants observed a blank screen (as in the MI condition), but were instructed to complete a task of counting backwards mentally from a random number, in time with an auditory metronome at 1.33 Hz. All videos were of nine-second duration.

Experimental protocol {#s2-6}
---------------------

Participants observed six blocks of trials, with each block containing sixteen videos of the same condition (see Figure [1](#F1){ref-type="fig"}). The blocks were presented in a semi-random order, where the SH block was always presented before the PO block, the PO block was always presented before the MI block, and the AO+MI block was always presented after both the PO and MI blocks. The purpose of this was to prevent participants from engaging in combined imagery and observation during PO trials or engaging in imagery during SH trials, that could have resulted from having been previously exposed to these experimental conditions. Prior to each block of trials, TMS was delivered during eight pre-block control videos of a blank screen with a fixation cross in order to control for any coil movement between blocks. A single TMS pulse was applied during each video over the OSP at either 3500 or 8000 ms after video onsets. These timings corresponded to the point of maximal abduction in the PO and AO+MI videos. The variation in the onset of the TMS pulse was to remove the predictability of the stimulus. Two-minute rest periods were provided between blocks.

![**A schematic representation of the six conditions in the experiment**. All videos were 9000 ms duration and one stimulation was delivered per trial at either 3500 or 8000 ms. An auditory metronome was present during the Backward Counting (BC) and Movement Imagery (MI) conditions.](fnhum-08-00951-g0001){#F1}

Data analysis {#s2-7}
-------------

A pre-stimulus recording of 200 ms was used to check for the presence of EMG activity before the TMS pulse was delivered. Individual trials in which the peak-to-peak amplitude of the baseline EMG activity was 2.5 SD higher than the mean baseline EMG activity of each participant were discarded from further analysis (e.g., Loporto et al., [@B28], [@B27]) since it may have influenced the amplitude of the subsequent MEP. This resulted in 3.4% of trials being discarded from the FDI muscle and 2% of trials being discarded from the ADM muscle.

Due to the nature of the study trials could not be fully randomized across blocks, since the AO+MI videos needed to be presented after the PO videos to prevent participants from engaging in combined imagery and observation during the PO trials. Therefore a 2 (muscle) × 6 (block) repeated measures ANOVA was performed to ensure that there was no change in pre-block (fixation cross) data throughout the experiment to account for any possible coil movement across the conditions that may have affected the MEP results.

The peak-to-peak MEP amplitude was measured from each individual trial and the mean MEP amplitude was calculated for each condition. Due to the large inter-participant variability in absolute MEP amplitudes, these data were normalized using the *z*-score transformation (e.g., Fadiga et al., [@B15]; Loporto et al., [@B28]). The normalized MEP amplitudes recorded from both muscles were analyzed using a repeated measures ANOVA, with main factors of muscle (FDI, ADM), and video (SH, PO, MI, AO, BC, MO). *Post hoc* analyses with the Sidak adjustment were applied where necessary. The level of statistical significance for all analyses was set to *α* = 0.05. Effect sizes are reported as partial eta squared ($\eta_{p}^{2}$).

Results {#s3}
=======

VMIQ-2 questionnaire {#s3-1}
--------------------

Participants' responses to the VMIQ-2 questionnaire revealed mean scores of 28.74 (±13.51) for external visual imagery, 22.26 (±8.22) for internal visual imagery, and 26 (±9.27) for kinesthetic imagery. This indicates that all participants reported being able to generate "reasonably clear and vivid" imagery for all three sub-scales of the questionnaire.

Pre-block fixation cross data {#s3-2}
-----------------------------

The results of the 2 (muscle) × 6 (block) repeated measures ANOVA performed on the pre-block (fixation cross) data showed no significant main effects for muscle *F*~(1,18)~ = 1.55, *p* = 0.23, $\eta_{p}^{2}$ = 0.08 or block *F*~(5,90)~ = 0.88, *p* = 0.50, $\eta_{p}^{2}$ = 0.05. In addition, there was no significant muscle × block interaction effect *F*~(5,90)~ = 1.02, *p* = 0.41, $\eta_{p}^{2}$ = 0.05. This confirmed that any MEP amplitude differences found between experimental blocks could be attributed to the video condition presented to the participants, rather than due to any significant coil movement or attentional fatigue across the experiment that may have affected the MEP results.

Main experiment data {#s3-3}
--------------------

The repeated measures ANOVA revealed a significant muscle × video interaction effect *F*~(5,90)~ = 4.32, *p* = 0.001, $\eta_{p}^{2}$ = 0.19 (see Figure [2](#F2){ref-type="fig"}). Pairwise comparisons showed MEP amplitudes recorded from the FDI muscle during AO+MI were significantly higher than PO (*p* = 0.04) and all three control conditions (all *p* \< 0.05). There was no significant difference between AO+MI and MI (*p* = 0.15). MEP amplitudes recorded from the FDI muscle during MI were significantly higher than during the control conditions of SH (*p* = 0.01) and MO (*p* = 0.05). There was no significant difference between MI and PO (*p* = 0.45) and MI and BC (*p* = 0.44). In addition, there was no difference between MEP amplitudes obtained during PO in comparison to all three control conditions, although the difference between PO and SH approached significance (*p* = 0.07). No other pairwise comparisons were significant (all *p* \> 0.05).

![**Mean MEP amplitudes, displayed as** ***z*-scores, recorded from all six conditions for (A) the right FDI muscle and (B) the right ADM muscle**. Asterisks indicate significant differences between conditions.](fnhum-08-00951-g0002){#F2}

Pairwise comparisons showed MEP amplitudes recorded from the ADM during BC were significantly higher than SH (*p* = 0.01), PO (*p* = 0.007), and AO+MI (*p* = 0.03). No other significant differences were found (all *p* \> 0.05).

Discussion {#s4}
==========

The primary aim of this experiment was to establish whether combined action observation and imagery of human movement would facilitate corticospinal excitability, and whether such an effect would be greater than that which occurs during either PO or MI alone. The secondary aim was to determine whether any such corticospinal facilitation was specific to the muscles involved in the observed/imagined action. This section will first discuss the current findings in relation to the effects of combined action observation and MI on corticospinal excitability. This will be followed by a discussion of the findings related to PO alone and MI alone, before finally discussing the findings reported in the ADM muscle.

Facilitation of corticospinal excitability during combined Action Observation and Movement Imagery (AO+MI) {#s4-1}
----------------------------------------------------------------------------------------------------------

Combined action observation and movement imagery (AO+MI) of simple index finger movements produced larger amplitude MEPs in the FDI muscle than were obtained from control conditions of observing a SH, observing movement of an inanimate object (MO), and counting backwards mentally (BC). The combined action observation and imagery condition also produced MEPs of larger amplitude than passive observation alone (PO). Changes in MEP amplitude represent modulation of corticospinal excitability (Rothwell, [@B45]; Petersen et al., [@B38]; Naish et al., [@B33]). The results therefore indicate that combined action observation and imagery of simple human movements can facilitate corticospinal excitability, and the extent of this facilitation is greater than occurs during PO alone. This finding is consistent with our hypothesis and previous research into the effects of combined action observation and imagery on corticospinal excitability (e.g., Sakamoto et al., [@B46]; Ohno et al., [@B35]; Tsukazaki et al., [@B50]). This facilitation effect during AO+MI was, however, only evident in the FDI muscle, and not the ADM muscle. The FDI muscle is the prime mover in index finger abduction, whilst the ADM is not involved in the execution of this movement. The results, therefore, indicate that the corticospinal facilitation effect during combined AO+MI is specific to the muscles involved in executing the observed/imagined task. Although this effect has been reported in previous action observation (e.g., Fadiga et al., [@B15]) and imagery (e.g., Fadiga et al., [@B13]) studies using TMS, to the best our knowledge this study is the first to report such effects in a combined AO+MI condition.

Facilitation of corticospinal excitability during AO+MI may be indicative of activity within the human mirror neuron system. This system, comprising a network of brain regions including the premotor cortex and inferior parietal lobule (Rizzolatti and Craighero, [@B40]), is activated during both physical movement execution and by observation and imagery of the same action (Rizzolatti, [@B39]). Although the motor cortex, stimulated in the current experiment, is external to this network of brain regions, Fadiga et al. ([@B14]) proposed that strong cortico-cortical connections link the premotor and motor cortices. It is, therefore, generally accepted that the facilitation of corticospinal excitability during action observation or MI is reflective of increased activity in premotor brain regions that connect to the primary motor cortex (Fadiga et al., [@B14]). As similar parts of the premotor cortex are activated when observation or imagery are performed in isolation (e.g., Grèzes and Decety, [@B20]; Filimon et al., [@B16]; Munzert et al., [@B32]), engaging concurrent AO+MI may result in stronger activity in these regions (e.g., Macuga and Frey, [@B30]; Nedelko et al., [@B34]; Villiger et al., [@B51]). This may explain the greater facilitation of corticospinal excitability reported for combined AO+MI, compared to PO alone.

Although combined AO+MI facilitated corticospinal excitability to a greater extent than PO, no effect was found in comparison to MI alone. Figure [2](#F2){ref-type="fig"} indicates that whilst MEP amplitudes in the combined AO+MI condition appeared to be larger than those obtained in the MI condition, the difference was not significant. This finding conflicts with our hypothesis and previous TMS research which has compared the effects of combined AO+MI against MI alone (e.g., Sakamoto et al., [@B46]; Tsukazaki et al., [@B50]). One possible explanation for this inconsistency could be related to discrepancies between the more detailed imagery instructions provided to participants in the current study compared to those offered in previous experiments. Since Stinear et al. ([@B48]) have demonstrated that kinesthetic imagery is more effective in facilitating corticospinal excitability than visual imagery, we instructed participants to focus specifically on "imagining the physiological sensations associated with execution of the index finger abduction movement". Kinesthetic aspects of imagery, however, were not emphasized in the studies conducted by Sakamoto et al. ([@B46]) and Tsukazaki et al. ([@B50]). For example, Sakamoto et al. told participants to "imagine flexing and extending their elbow", whilst Tsukazaki et al. told participants to "imagine that they were performing three-ball juggling by mirroring what they saw in the video clips". It is possible that the instruction to focus on kinesthetic imagery could have enhanced the amplitude of MEPs that we recorded during MI and, as such, contributed to the lack of significant difference in MEP amplitude between combined AO+MI and MI alone. Further controlled work on instructional sets as important mediators of MEP response is clearly warranted.

An alternative explanation for the lack of a significant difference between combined AO+MI and MI alone could be related to the imagery abilities of the participants in the different studies. Williams et al. ([@B53]) correlated MEP amplitudes obtained during imagery of finger-thumb opposition movements with self-reported imagery vividness scores, as measured by the VMIQ-2. They demonstrated that larger amplitude MEPs were associated with a greater kinesthetic imagery vividness. The participants in the current study were all competent imagers, having reported being able to generate "reasonably clear and vivid" images on all sub-scales of the VMIQ-2. Sakamoto et al. ([@B46]) did not report any imagery ability values for participants in their study, whilst the novice jugglers in the study by Tsukazaki et al. ([@B50]) appeared to have a moderate imagery vividness, as measured by a simple self-report measure. It is possible that the participants recruited for this study were more competent imagers than those recruited by Sakamoto et al. and Tsukazaki et al. The possible superior imagery vividness of our participants may have increased MEP amplitudes obtained during MI alone and thus contributed to the lack of difference between combined AO+MI and MI alone conditions. This proposal highlights the importance for researchers to report their participants' imagery ability characteristics to control for this potentially confounding variable that could inflate MEP contrasts for poor imagers.

Facilitation of corticospinal excitability during Passive Observation (PO) {#s4-2}
--------------------------------------------------------------------------

It is commonly reported that PO of human movement facilitates corticospinal excitability compared to control conditions (e.g., Fadiga et al., [@B15]; Strafella and Paus, [@B49]; Patuzzo et al., [@B37]; Borroni et al., [@B5]; Aglioti et al., [@B1]; Loporto et al., [@B28]). Despite a trend for this effect (PO \> SH; *p* = 0.07), the results of this study do not fully support previous work as PO did not produce MEPs of significantly larger amplitude than the control conditions. This may relate, in part, to the instructions provided to direct participants' attention to the observation video. The instructions that accompany action observation conditions in TMS research are typically vague and are usually not reported in detail. It is interesting to note, however, that where studies have compared the effects of different instructions during action observation directly, they have often failed to detect a facilitation effect during PO conditions. For example, several researchers have reported that instructing participants to observe an action and simultaneously imagine performing that action facilitates corticospinal excitability, but instructions to only observe an action do not (Sakamoto et al., [@B46]; Ohno et al., [@B35]; Tsukazaki et al., [@B50]). In addition, Roosink and Zijdewind ([@B42]) demonstrated that instructing participants to observe an action with the intention to imitate it later produced MEPs of larger amplitude than when participants were instructed to simply observe an action. These findings are also supported by fMRI research indicating greater activity, compared to PO, in movement-related brain regions when observation and imagery occur simultaneously (e.g., Macuga and Frey, [@B30]; Nedelko et al., [@B34]; Villiger et al., [@B51]) or when actions are observed with the intention of future imitation (e.g., Grèzes et al., [@B19]; Buccino et al., [@B7]; Frey and Gerry, [@B17]). The instructions provided to participants seem to play a crucial role in modulating activity of the motor system during action observation (Naish et al., [@B33]). Therefore, it is possible that, in some cases, PO alone is not sufficient to enhance corticospinal excitability above resting levels. As such, supplementing PO with additional instructions may be more appropriate in motor rehabilitation settings than only instructing patients to observe a video. Based on the results of this study, and the behavioral evidence provided by Eaves et al. ([@B10]), providing additional instructions for participants to imagine performing the action as they observe it would also appear to be a promising option. Further research should investigate this possibility further by comparing the effects on corticospinal excitability of different types of instructions during observation (e.g., observe and imagine, observe to imitate) against PO.

Facilitation of corticospinal excitability during Movement Imagery (MI) {#s4-3}
-----------------------------------------------------------------------

Research investigating the effects of MI on corticospinal excitability has shown that imagery of human movement elicits MEPs of larger amplitude than control conditions (e.g., Kasai et al., [@B24]; Fadiga et al., [@B13]; Hashimoto and Rothwell, [@B21]; Rossini et al., [@B44]; Facchini et al., [@B12]). The amplitudes of MEPs recorded during imagery, however, do not typically differ from those obtained during PO (e.g., Clark et al., [@B8]; Léonard and Tremblay, [@B26]; Roosink and Zijdewind, [@B42]; Williams et al., [@B53]). The results of this experiment are consistent with these findings. Despite this, it is important to note that MI did not produce MEPs of larger amplitude than the BC control condition. In previous research, MEP amplitudes obtained during MI have typically been compared to resting MEP values. This comparison, however, does not allow researchers to attribute the facilitation to imagery of human movement *per se*, as the effect may be due to the presence of cognitive activity in the imagery condition. The BC condition was included to address this issue by allowing a comparison to be made between movement-related and non-movement-related cognitive activity. As there was no difference between these two cognitive conditions, it could be argued that the current results do not represent a true corticospinal facilitation effect for MI. Interestingly, Clark et al. ([@B8]) also included a BC condition in their comparison of MEP amplitudes between observation and imagery. Consistent with our findings, they reported that the MEPs obtained during BC were not significantly different to those obtained during imagery or observation. As such, they concluded that part of the facilitation recorded during imagery and observation may be due to attentional processing. The findings reported in both the current study and by Clark et al. indicate that neither PO or MI facilitated corticospinal excitability to a greater extent than a simple non-motor cognitive task. This, therefore, adds weight to the claim that combined AO+MI may be more effective in motor rehabilitation settings than either PO or imagery alone (e.g., Sakamoto et al., [@B46]; Ohno et al., [@B35]; Vogt et al., [@B52]), as combined AO+MI was the only experimental condition to facilitate corticospinal excitability to a greater extent than all three control conditions.

Facilitation of corticospinal excitability in the ADM muscle {#s4-4}
------------------------------------------------------------

A final point for discussion relates to the findings reported in the ADM muscle. The ADM is not involved in the execution of the experimental task, and so no significant differences between any conditions were expected in this muscle. The amplitude of MEPs recorded during the BC condition were, however, larger than those obtained in SH, PO, and combined AO+MI conditions. This finding can be explained by research indicating a link between counting and hand motor areas. Andres et al. ([@B3]) applied single-pulse TMS to the right hand representation of the motor cortex during counting tasks and a color-recognition control task. They obtained MEPs of larger amplitude during counting conditions, compared to the control task. In a subsequent experiment, they demonstrated that this effect was specific to the hand muscles, as similar findings were not obtained when arm and foot muscles were stimulated during counting. The authors suggested that the explanation for this finding may relate to finger movements playing a crucial role in learning to count during childhood. As a result of this developmental process, hand motor circuits may assist counting in adults by monitoring the relationship between different digits in a series (Andres et al., [@B2]). The BC condition may therefore have induced, either consciously or sub-consciously, imagined finger movements in the form of "finger counting". This activity would likely involve the ADM muscle, which may explain why MEP amplitudes were facilitated in this condition. Despite this explanation, it remains unclear why this effect was not evident in the FDI muscle during the BC condition. It is possible, however, that any effects in the FDI were dwarfed by the muscle-specific facilitation effect obtained during observation/imagery of the index finger abduction movement. This link between counting and motor areas may also provide an additional explanation for the lack of difference between MI and BC in FDI muscle, discussed above.

Limitations {#s4-5}
-----------

The results of the current experiment provide convincing evidence that combined action observation and MI facilitates corticospinal excitability, but it is important to acknowledge several limitations to the experiment. First, as experimental conditions were presented in a specific order (i.e., SH, then PO, then MI, then AO+MI), participants may have been more familiar with the observed action when they completed the AO+MI condition, compared to when they completed the PO condition. The increased familiarity with the observed movement may, possibly, have contributed to the increased MEP amplitude in the combined condition. However, presenting the conditions in this order was essential in order to discourage participants from engaging in AO+MI during the PO condition.

Second, we cannot confirm that participants did not engage in AO+MI during PO conditions, despite the order of the conditions being structured in an attempt to prevent this. This is a recognized problem in action observation and imagery experiments, as researchers can never be certain that participants complete the conditions exactly as instructed. However, the significant difference between AO+MI and PO conditions indicates that imagery during PO trials is unlikely to have occurred in the current study.

Third, in the MI condition, participants completed their imagery in time with an auditory metronome. The purpose of this was to ensure that the timing of participants imagined finger movements was consistent with the timing of the observed movements in the PO and AO+MI conditions. The auditory metronome was also included in the BC condition as a control. This may be problematic as processing an auditory beat has been shown to activate motor regions in the brain (e.g., Grahn and Brett, [@B18]). As such, auditory processing, introduced by the presence of the metronome, may have influenced the amplitude of the MEP in the MI and BC conditions. This may account for the lack of significant difference between these conditions. Taken together, however, the inclusion of the metronome was unavoidable given the need to deliver TMS at consistent timings in the imagery and observation conditions.

Summary {#s4-6}
-------

The results presented here have relevance for rehabilitation programs seeking to promote recovery of motor functioning in patients. In stroke rehabilitation settings, PO and MI are both advocated to be beneficial intervention techniques as they can maintain activity in the motor regions of the brain when physical movement is limited or not possible (Sharma et al., [@B47]; de Vries and Mulder, [@B9]; Ertelt et al., [@B11]; Holmes and Ewan, [@B23]; Mulder, [@B31]). In the current study, the combined AO+MI condition produced MEPs of larger amplitude than PO, and was the only experimental condition to facilitate corticospinal excitability to a greater extent than all three control conditions. The results therefore indicate that combining observation and imagery techniques into a single intervention strategy may prove to be a more effective tool in rehabilitation settings than use of either technique in isolation.
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